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(57) Abstraet

A method and automatic system (Fig. 1) for extracting
both erdinary and unique featurce of a stripe pattern like a fing-
erprint from a gray level image wi hout binary processing. A pre-
cisc direction array (fig- 3) with th: seme number of image points
as the image is generated by calcidating the average direction of
local ridges for every point 1a the image with a guick recurrent al-
gorithm, There is also generated » curvature array in which each
element presents the acwuracy of the local average direction at
corresponding points in the direcion srray and image. A region
of clear ridges extracted ftom bakpround and noise before de-
tecting image featurcs. The ricge treads (Figs. Ba-8¢) and
forkedness of a point arc decided 3y analyzing the distribution of
ridge directions on a circle around the poiat. For finding the
cores and deltas, trend analysis is used for cach singularity that is
4 maximum point on the curvanire array. The coordinate axis
that is consistent for various finge rptint types is decided by agal-
yziug the stcture of the directions array macroscapically.
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METHOD AMD SYSTEM POR DETECTING FEATURES OF FINGERPRINT
IN GRAY LEVEL IMAGE

1. BACKGR(UND OF THE INVENTION
1.1 Field Of The Invention
" This irwvention relates to the autematic detection of both
the common features (i.e. cores, deltas and minutiae) and the
5 unique features (shape and global features) of a fingerprint by
processing i gray level image of the fingerprint.

. %

1.2 Description 0f The Prior Art

The history of identifying and verifying individuality
10 according to dermatogliphic features is wvery long. Chinese
people used to print +heir palme and fingers on documents and
contracts as credit even since the seventh century A.D..
Although there are many other methods for identifying
individuals today, fingerprint identification is still the most
15 widespread und credible. However, since tingerprints became a
legal identifier of persons about one hundred years ago, the
number of fingerprint records has grown very quickly and manual
management of the files has become very difficult. As a result,
many automatic and semi-automatic systems for processing,
20 recognizing, searching, and jdentifying fingerprints have been

proposed. .
‘ The most widely used method for detecting features in many
present automatic fingerprint identification systenms is based
upon binary image processing. A binary image is one in which
25 each image alement has one of only two binary values, e.g. D or
1. The key procedures in such processing are image enhancing,
binarizing, thinning, smoothing and modifying. The minutiae of
a fingerprint are detected by scanning the thinned binary image
with a 3x3 window. Usually, the cores and deltas of finger-
- . 30 prints are also detected by scanning a binary image. A core
exists where ane or more lines of a fingerprint form a closed
path, frequsntly a circle, or undergo an abrupt 180° direction
change. A clelta, as used herein, exists when three ridge lines
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meet at a common point. A delta may be more accurately
referred to as a Y.

In ¥.s. Pat. No. 4,083,035, an apparatus is provided for
detecting thz position (X and Y) and orientation angle (6) of
minutiae in a binary data bit stream of a 256x256 thinned
image. The minutia orientation detector obtains an 8-bit vectox
average of all local angles present in each of a plurality of
8x8 bit windows across the image. This vector average of all of
the local angles within a given 8x8 bit window is the
orientation angle 8 for each minutia that is positioned within
that given 818 bit window. There are 32x32 such windows on the
image, i.e. i 32x32 ridge orientation array will be generated.

In U.S. Pat. No. 4,310,827, the minutia direction of an
anding ie de:lined as the direction of a single direction vector
drawn from i{:he ending to an arrival peint, i.e. a skeleton
point locatel by tracing a predetermined accurate length from
the ending. The direction of a bifurcation is defined by a
direction symetrical to the average vector direction of three
arrival points.

In U.S. Pat. No. 4,156,230, a 7x7 template scanning window
is passed electronically over a 29x29 sub-array of the 32x32

ridge contour data as in U.S. Pat. No. 4,083,035 to generate a

set of corre¢lation values corresponding to each contour data
element and to a plurality of reference angle vectors. The
correlation 'values are processed for determination of peaks and
valleys. The resultant data:, representing the number of
correlation peaks and the direction of each, provides 32 values
which define the location and angular orientation of cores and
deltas of a fingerprint. ‘

In U.8. Pat. No. 4,151,512, the topoclogical data,
identifying singularity points such as trie=radii (i.e. deltas)
and cores, as well as ridge flow line tracings related to those
points, are extracted from a 32x32 ridge contour array as in
U.S. Pat. No. 4,083,035. Subsequent to making the first cell
tracing in any one direction from a tri-radius or core point,
the information from the ridge contour array is used to supply
additional angle data to continue each trace. Some logic
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circuits determine the next row and column address incremental
values according to a specification chart. The maximum length

> . of a trace :.s 48 cells on the ridge contour array. Based upon
the number cf singularities located, an initial classification
~ 5 can be made wherein an arch is identified if no tri-radii are

located, a whorl may be identified if two tri-radii are located
and a gener:zl loop type may be identified if one tri-radius is
located. The loop type pattern is classified according to the
direction ard size of the flow tracings by comparing them with
10 a set of praestored references.
The fo.lowing publications are also of relevance to the
present invention:
Shen,- 'Several lcocal properties of digital picture and
their applications to the extraction af descriptive informatien
s of fingerpr.ints”, Acta Scientiaruwm Naturalium, Universitatis
Pekinensis, No. 3, 1986, pp. 38-51. (In Chinese).
Shen, "The digital pseudo—curvature and its applications",
Applied Matliematics, Sept. 1988, No. 3, Vol. 3, pp. 382-391.
(In Chinese).
20 "Shen et. al., "A Similarity Measurement and Classification
of Fingerprint", Proc. of 4th cChinese Conf. on Pattern
Recognition and Machine Intelligence, 1984. (In Chinese).

1.3 Problens In The Prior Art

25 The problems listed here below relate to the manner of
identifying, or designating, cores, deltas and the shapes of
fingerprint:; based upen ridge directions in the patents cited
above. o

There are two problems in calculat:mg ridge direction

30 array: (1) Usage of the same value of ridge direction for every
point in an 8x8 window will produce serious exrors when the
window is in a region where ridges curve significantly. (2)
There is no measurement provided for representing the accuracy
of eaach average ridge direction. _ .

35  In U.S. Pat. No. 4,310,827, the direction of a minutia
depend on the arrival points. So the diraction will be effected
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if any arrival peint can not be found or if the skeleton ridges
are not smoath enough.

There are four problems in analyzing ridge trends: (1) A&
7x7 window i1 a ridge contour array, i.e. a 56x56 window in the
original image, is too large to find cores and. deltas of small
whorls, or lsops. (2) The fixed window size is not suitable for
various types of cores and deltas. (3) The angular orientation
with 32 valuss as well as cores and deltas with 29x29 positions
are not accurate enough. (4) As many as 841 (=29x%29) elements
have to be analyzed for every fingerprint.

There are three problems in ridge flow tracing: (1) Bach
step in ridge flow tracing passes 8 points because every
element in the ridge contour array refers to an 8x8 region in
the image. This is too large for tracing at regions where
ridges curve significantly. (2) The arrors of position and
direction are not accumulated to correct the trace. (3) The
next step mey be wrong when a core, delta or noise region is
touched in tracing. .

There are three problems in classification: (1) The
initial classification based upon the number of deltas may be
wrong in case an existing delta can not be found. (2) The loop
sub-olassification by comparing the rough flow tracing is
sensgitive tc¢ the initial fingerprint impression. (3) There is
noe sub-clas:sification for whorle.

Finally, the main factor which effects the accuracy of
fingerprint features extracted by binary processing is that
mich original information in a gray level image of the
fingerprint may be lost after binarizing.

2, SUMMARY,_OF THE INVENTION
2.1 Objecte Of The Invention

It is therefore a main cbject of the present invention to
extract cores, deltas, pinutiae, and shape and global features

of a fingerprint from a gray level image based on original

information as much as possible.
Tt is a more specific object of this invention to provide

a quick algqorithm for calculating the average direction of

do23
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1oca1 ridges at every point of a fmgerpr:x.nt and for generating
a precise dlrection array.

& Anothe::r object of the invention is- to provide a
measurement . termed local curvature, reprasenting the accuracy
- 5 of each lociil direction that is easy to calculate.

Anothe:: object of the invention is to provide a method for
separating i. region of clear ridges from background and noise
in the image.

Anothe:: object of the invention is to prav;de a method for

10 analyzing the ridge flow trends around any point in the image
to decide ii:s trend directions and forkedness.
 Anothe:: object of the invention is to find the cores and
deltas of a fingerprint by analyzing the trends only for each
singularity of the image rather than analyzing the trends for
15 every point of a direction array. '

Anothel: object of the invention is to locate the position
of the center and central orientation of a plain arch of a
fingerprint. ’

Anothel: object of the invention is to establish a

20 coordinate axis of any fingerprint that is consistent for
various types and shapes of fingerprints.

~ Another object of the invention is to accurately trace

shape lines, contour lines and normal lines of a fingerprint.

Anothelr object of the invention 1is +to classify

a5 fingerprints: according to the structur_al relations among shape
lines. ) )

Another object of the inventien is to extract shape
features from the shape lines that are gonsistent for both
whorls and loops, and to further classify fingerprints

3¢ according ta the shape features.

Another object of the invention is to extract global
features of any fingerprint, including plain arch, however
imperfect or partial it is and whatever type oxr shape it has.

Another object of the invention is to calculate the global

a5 diffea;:enée oetween two fingerprints to finely classify and
distinguish them. '
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Another object of the invention is to detect minutiae and
their attribiutes from gray level images of fingerprints.
aAnother object of the- invention is to calculate both the <
quality level. and vector of fingerprints with regard to several :
5 aspects, for example noise level, area of clear region, .
position of center, number of minutiae, etc.

2.2 BRIEF DiISCRTPTION OF THE DRAWING

FIG. 1 s a processing flow diagram showing the sequence
10 of basic steps characterizing the present invention.

FIGC. 2 shows a point of an image and its neighborhood used
to ewplain the calculation of local ridge direction and
curvature aciording to the invention.

FIG. 3 shows a point and its four adjacent points for

15 calculating :Sour gradient models.

FIGS. 4ia-4e show a symmetric convex region and jts four
subsets for calculating four mverage gradient models.

FIGS. S2 and 5b show the neighborhoods of two adjacent
points and their common area as wall as parts of the

20 neighborhood:s of two adjacent points and their common points.

FICS. 6:~6d show variocus octagonal regions of clear ridges
in a fingerp:rint imaga.

FIGS., a=7d show various types of fingerprint core
patterns.

25 FIG. 7e shows a typical fingerprint delta pattern.
FIGS. 8u~8e show the ridge trends of various singularities

and analysis circles.
FIGS. ¢a-9%e show the difference values within trend

analyzing.
30 FIGS. 10a—-10r show the shape lines of various fingerprinte

for 1B classes of shapes.
FIG. 11 shows the macroscopic structure of peripheral

ridges of a :ingexrprint.
FIG. 12 shews a vault line and normal lines for locating

35 the center o the coordinate axes of a fingexprint.
FIG. 1l shows a mannar of determining the central

orientation of a plain arch.
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FIG. 14 illustrates the extraction of shape features
extracted on shape lines. ’

~ FIG. 1'% illustrates the extraction. of global features of
a fingerprint.
» 5 FIGS. .|6a~l6e show various minutiae: -

FIGS. 17a-17d show the basic features of minutiae in terms
of a riéée or valley respectively near a core or delta.

FIGS. 18a and 18b show two neighboring' paints in a
tracing.

10 FIGS. 19-24 are pictorial views illustrating various
tracing operations according to the invention on gray level
fingerprint images, where FIGS. 19, 20 and 21 depict the
tracing of lines for locating the center and center orientation
of fingerprint patterns containing a whorl, a loop and an arch,

18 respectively; and FIGS. 22, 23 and 24 depict the detection of
global features for an arch, a loop and a whorl, respectively,
according teo the invention on the basis of the local directions
of ridge lines of the fingerprint image patterns at points

arranged along concentric circles.
20 FIG. 25 is a pictorial view illustrating extraction of

minutiae frcm the region of an arch in a gray'level fingerprint
image.

2.3 GENERAJ, DEFINITIONS

25 There are many constants, parameters, variables and
functions used herein. GSonme of these are defined in the C
prbgrammlng language as follows: :

x[] means an array named by x; it can be defined as a set
in which

30 : x] = {x[0), ..., X[m=1]]},
where m>0.

%[J[] means a two dimensional array, or mat.r:.x; it can be
defined as a set in which
. x[[1[] = {x[0][0]}, ..., x[(w=1][n-1]),

35 where m>0, n>0. When each member of such a matrix is of the
type x[il(3i., then, for each menmber, i is called the line, or
row, number and j is called the column number.
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x=¢C6%?y : z; mneans that if condition C is true, then
x=y; else ¥=z.
sign (%) = (x <0)? -1 = 1; .
int(x) means the largest integer that is not greater than

5 x. Therefore, if x>0, then int(x+0.5) means the mnost .

approximate integer of x.
x%y me:ans the remainder, that is not smaller than 0, wvhen

x is divided by Y-
(x,y) 2eans a digital peoint at coordinates x and y of a
10 plane. It cun alsoc mean, in the appropriate context, a vector
from origin ’0int (0,0) to (Xx,Y¥Y).
dv(X) m=2ans the direction of a vector X, which direction
is in the raage (0, 2'7].
#2 means the cardinal or the number of members in set A.
15 . B(y(X), X, A) means the sum of values Y(X) for every
member X in iset A, '
[x] means the model or absolute value of x. if X is a
nunber then
|x] = (x<0)? -x : X;
20 if #=(%,,..-.%,) is a vector, then
x| = JE(xi i, 4,...,0);
p_x meens a parameter which may be predetermined or
calculated for use in performing computations according to the
- jnvention. The range of each predetermined parameterxr will may
25 be used in preferred embodiments of the invention will be

listed below.
T = 3'14.159;

pm = 252.
30 DESCRIPTION OF THE PREFERRED EMBODTMENTS

3.1 General Procedure
Referring to FIG.1,

invention Ffor extracting as many features as possible of a

fingerprint :rom a gray level image without binazy processing

the general procedure of this

35 is shown.
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The significant steps in an exemplary method according to
the invention are:

3 1) Input and Pre-pracessing
The injut digital image has L rows and K columns of image
® 5 elements, as shown in FIG.l. The intensity, or brightnesg

level, in eich image element has 3 to 1024, and preferably 256,

gray levels and the image element density is 500-dpi (dots, or

image elements, per inch) in each coordinate direction. For the

further processing, the original range of gray levels of the
10 fingerprint image is transformed into a uniform range.

2) - Caloulating Direction Array and Curvature Array
A direction array and a curvature array are caloulated for
15 each image point by a quick recurrent algorithm, possibly with
the aid of some tables. The direction array and curvature array
values for an image represent the average ridge direction and
its accuracy or variance at each point of the image.
3) . Cleaning Background
20 . Segmen:=ing an equiangular, or regunlar, octagonal region of
clear ridges of a fingerprint from the background by eight
straight lines according to the curvature array, and excavating
all large conjunct regions of noise points in the octagon. All
further prosessing is within this region.
25 4) Trend analyzing
The ridge trends and forkedness of any ' point can be
determined by analyzing the distribution of ridge directions
around it oa circles with different radii. ’ -
. 5B) Finding cCores and Deltas
30 211 singularities are found by scanning the curvature
array with a 3x3 window to find all maximum curvature points.
All cores and deltas are located by analyzing the trends for
each singularity.
" 6) Line Tracing
as Contour lines, shape 1lines and normal 1lines of a
fingerprint are <traced, based on the direction array,
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accurately by accumulating the erroxrs of coordinates and
directions t> correct the trace point by point.

7) Desiding the Coordinate Axis

By macroscopically analyzing the structure of a direction
array, the fingerprint is centered on a coordinate axic system;
meanwhile the central orientation of the fingerprint is
selected on ‘the basis of the trend at the center.

8) Classification

A fingerprint is classified into one of 18 classes
according to the structural relations among the shape lines,

9) Fx-racting shape and Global Features

FPor classifying and fast searching, a few shape features
are extracted consistently for various fingexprint classes
except plain arch from shape lines. Furtheymore a plurality of
global featares are extracted consistently for various

fingerprint ilasses with reference to the coordinate axes.

10) De:ecting Minutiae

Based onh the description of minutiae when the shape lines
are valleys, all minutiae are detected by tracing each valley
of the fingerprint in the gray level image. Each minutia is
represented by its x, ¥ coordinates and direction 6.

11) oOumality Checking

A synthetic gquality level and cuality vector of
fingerprints is presented based on the position of the center,

. number of minutiae, noise level, area of clear region, etc. in

order to declde automatically, or to suggest £o0 the operator,
whether to accept, reject or reevaluate the fingerprint.

3.2 Direction Array and Curvature Array

A1l feiutures of the fingerprint, including ordinary
features (cores, deltas, minutiae) or novel features (shape and
glabal features) are referencad to the average direction of
ridges in a small region of the fingerprint. The calculation of
local direction is very important for image processing and
feature extriction of £ingerprints. In thie invention, an array
whose every element represents ‘an average direction of the

029
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textures in a small region of the image is .called a diraction

array.

v There &re three features of the method provided herein for
calculating a precise direction array: )

* 5 F.xst, the direction array is calculated directly

from the gruy level image of the fingerprint, so the original
inforpmation will be used as much as possible.

Second, the direction array is galculated point by
point in the image, i.e. every element in the array is a local

10 average diraction of just one point in the image that is
calculated on the basis of a neighborhood of the point. this is
necessary spatially for regions on the fingerprint where the
directions cf ridges change greatly or the curvatures are very
high. .

15 Third, to represent the accuracy of the local
direction ai: each point, a local average curvature of the
textures in the neighborhood of the same point is also
calculated, and a curvature array of the image is generated
therefrom. Tae usage of local direction at a point should refer

20  to.the lecal curvature as the relation between an average value
and its varlance. A local curvature in some regions of a
fingérprint, for example at a core, delta, scar or noise, will
have very bhigh curvature values which signify that local
direction is meaningless there due to inconsistency of ridge

25 directions and/for indistinct textures in that region.
Generally, l>war curvature values mean better accuracy of the
direction value at a pcu.nt. T

For a civen image area 5, which may include the entire
fingerprint image or any selected portion thereof, there ara

30 derived four summation gradient values v; (i=1, 2, 3, 4), each
representing the sum of the absolute values of the difference,
g;(X), in gray scale image point values, f£(X), between each
pair of points, X and X-Q,, in S for which 0, is & selectaed
vector. Thus, as will be seen from the example to be dascribed,

35 depending on the value of Q;, v, is representative of the degree
of change in the jmage across the image area in direction Q.
Moreover, v, will be particularly relevant to the point P at
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the center o 8 because there is the gréatest probability that

jt is the gridient condition at P which is described by v,;.

Table 1, below, provides an exemplary gray scale value
matrix repre:senting the gray values £(X) at respective points,
¥, of an imige area S. Here, each point X has a horizontal
coordinate k and a vertical coordinate 1. As is apparant from
Table 1, the origin of the coordinate system will be somewhere
above and to the left of the illustrated image area.

RBach po.int X is represented by a pair of coordinates k, 1.
In Table 1, the k and 1 coordinates at the center of S are n

and m.
Table 1

s kx|ns5 a=-4 n3 n-2 m1 n n+l nt2 nt3 nté n+S
-

w-5 ! 13 14 315 15 15 14 12 1 9 7 6
m-4 ) 14 14 14 13 12 10 6 4 2 2 3
n-3 } 13 1 5 6 6 4 3 3. 4 6 B
m-2 | 10 7 4 1 2 2 4 6 2 11
m-1 | 5 4 3 0 2 4 6 8 11 13 14
m | 3 4 5 6 8 % 11 12 14 15 15
w1l | 4 6 e 10 12 14 16 15 16 14 12
mtz | 7 g 12 13 14 14 15 14 13 10 8
b3 ) 13 14 14 14 14 13 10 8 8 6 4
m+d | 15 1§ 14 13 11 8 3 2 5 5 5
mts | 14 12 10 8 7 4 0 1 5 7 8

For each vector Q; thare is produced a set S, containing all
points X for- calculating g, (X)=| £(X) -£(x~Q,) | . The points in
each set §; sre cbtained by using the corresponding values for
Q. i.e., 5 is obtained by using Q,, S, by using Q,, etc.. The
valuee for g.(X) in each set §; are given in Tables 2-5, below,
where Q; have the following k,1 coordinate valuas,

Q = (1,0)¢
Q = (1,1);
Q = (0,1)+
Q = (—.,1).

"

"
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Table 2
n-2 n-1 n

n+4 nts

n+tl nt2 nt3
1
2
0

n-5 n-4 n-3

o + o

(= T | ]
s.._mrm

17,19
Eeatt

Q
~

3
&

mt+5

15

Table 3

n-4 n=3 n-2 n-1 n

n+l n+2 n+3 n+d n+sS

; n=5

]
4’

10

e e e e e - a——

o
_mmmmmmmmmm

Q
m

.m+S
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Table 4 )
S; ki n-5 n-4 n-3 n-2 n-1 n n+l n+2 n+3 nd ndS

1!—‘
[

10 mil

H
F N & W R NG W R
W R oW N O WA WO
B ON W e N U R
M B P W h oA NN
"W OoON SO RO W
& o m o NG K
W 0 o & i WO W
I T O R I
OCWuUNRFWG NN
NH.h&Hthhm
WH AW WWLGW

i5
Table 5

n~s -4 n-3 n-2 n-1 n ntl n+2 n+3 n+d n+sS

m
&
n

I!-'
]

20 n—4

25 m+l

NP NOKHHONWW
WO RNWDN NN
WO R NMSDNDDGODON
PO OO0 WMo N AN
H N wWRWERPENDN
N O E O WW N O W
& OV P P KFNMDOPBENO
O F MK OKH®ONGW
MNHNNKRRBNDHE WA

HH MR ORNNEKEPO

30 .
The mmser of values for g;(X) on each set 8, is less than

the number of points in area S because each value for g;(X) is
calculated ealy for a pair of values of £ (X) and £(xX-Q;) which
are both in area S. Thus, for example, on get S, there will be
35 no valus of g,(X) for which the k coordinate of P is n-5
because the k coordinate of X-Q, is n-6, which is outside of
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’

Then, for each set S;, there is deriv..ed a value v; where
v; = T4;(P) for all valueg for 9;(FP) on set 8;. Where i =1, 2,

. 3, 4, the vidues for v, in the example shown in Tables 1-5 will
be v,;=167; v=437; vy=337 and v,=194.
* ‘ 5 From these values for v,, there will be derived four

further valoes u,, as follows:

u, = mx (v, v3)
U, = max (Vy, V)7
Ug

10 = min (Vy, V)i

u = min (vy, V).

In the case of the example in Tables 1-5, u,=337; u,=437;

u,=167; u=194.

1s .

These alues are then used to derive:

e = %elu,+u, - (g-u,)* + 2 (1 -13) *(uy~u,) ]

20 For the example shown in Tables 1-5, £=36.14886S.

. "The deyived values for v, u and e are then used to derive

‘a local ‘direction value, d(f, P, 8), and a local curvature
value, c(f, P, 8). ' ’

Referr:ng to Figqureas 2, 3 and 4 of the accompanying

25 .DRAWING, according to the 1986 and 1988 publications of Shen,

the formulss for calculating the local direction 4 and

curvature c at each point P at the center of a set § in image

£ are as follows:
¢ _ 4a(f,P,8) = sign (v, -v,) + arctn ((vy—e)/(vz~e)). (1)

|(uy+u,) (gpvn) =2uy| 2)
(u,+u,) *(W+u,) ~2u,u,

' o(f,Dp,.3)

30
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In the example shown in Tables 1-5, which example is
associated with P(n,m), d = —-23.5° and ¢ = 0.0327. '

The norzal values of direction d are limited between -n/2
(upward in FilG. 2) and +m/2 (downward in FIG. 2). Here d=0
represents the horizontal direction which points towvard the
right Table 1 and FIG. 2. Acecording to Equation (2), the
normal values of curvature c are all between 0 and 1.
Specially, c=0 represents the texture with a plain local
corvature, cr-l represents the texture with an abrupt local
curvature. Additionally, for each background point or a noisy
point P, botli of ¢ and 4 will be set to a special value that
c(P)=255 and d(P)=255.

S(P) is a neighborhood of P, it 13 convex and symmetric
with respect to P and with respect to the directions 0° and
45°, respect:.vely. Por example, a digital sguare, disc and
octagon with P as center are all neighborhoods of thig kind.
Each 8; is a subset of 8 by deleting some border points as

shown in FIG.4 where '.'is in 8 and S, '®*' is not in &;

(i=1,2,3,4).
Now referring to FIGS.5, because there is tremendous

complexity fecr calculating the direction array and curvature
array per point, a quick recurrent algorithm with some tables
is proposed t> reduce the complexity on the basis of three key
points:

First of all, because each gradient model |f£(P)-£ (P=0;) |
will be used as many times as the number of the points whosa
neighborhood includes both P and P-Q;, four arrays of gradient
models at four directions as in FIG. 3 are calculated firstly
and signed by ¢; respectively:

g;(P) = |£(P) — £(B=@;)|, where i=1, 2, 3, 4. - (3)

Second, 'there are fany common points in the neighborhoods
of both P and its adjacent point P°. So v;(P7) can be
calculated recurrently from v, (P) by subtracting g, (X) for each
X at the left side L(5;(P) of 5;(P) and adding g,(X) for each X
at the right i3ide R(S;(P)) of § (p"), as shown in F1G. 5a where
each '%#' ic in S(P), each '.® is in S(P") and each '0' is in

both sefs:

o35

"
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vi(£,P",S5;(P7)) = v;(£,P,5;(P)) - B(g;(X) ,X,8;(P)))
+ 2(9;(X),X,R(8;(P7))). (4)
For example, after v has been calculated fox P (n,m}, V;
may be calculated for P (n+l, m) by subtracting from P (n,m)
the values of g, (n-4, 1), and adding the values of g; (n+6, 1),
in each case 1 taking on each value from m-5 to m+5.
Furthermore as shown in FIG. 5b, (where '#*! is in L, '.'
is in I~ ard '0' is in both of them, 3(g;(X),L”) alsc can be
calculated recurrently:
2(g9;(X) ,X, L") = Z(g;(X),X,L) - g(P') + g;(P"). (5)
" Wwhere »' is the top point in L and P" is the bottom point
in » shown in FIG. 5b.
Third, some look-up tables are used instead of a series of
calculations for direction d and curvature c.
To cal-ulate the value of 4, a table
Ti = (td[o], td[1], ..., td[Md])}:
is created, where each term Td[X] in T4 is defined as
Pi[(k) = arctan(k/Md), fer k=10, 1, ...,Md. - (6)
wvhere Md is a predetermined integer. So the values of terms in
Td are all between 0 and 7/4. For any group of v, and & with
the conditian v, £ v;, let
diff d=Ta[:int(Md: ((v,-e)/(V3—e))+0.5)] —arctan((v,~e}/(V;-e)).
Then according to the continuity of the function arctant), the
value |diff_d| will be very small if Md is large emough. So
that by the table T4, when v,=v;, .Equation (1) can be
transformed approximately to:
d(P) = sign(v,~v;) - ((VySv3)?
TA[int (MA- ((V,-e) : (V3~e) )+0.5]*
(r/2-Td[int(Md: ((Vs—e) * (v,-e))+0.5)]).  (1')
The intege- Md can be selected large enough' to assure
sufficient :accuracy for y. .
To cal:ulate the value of ¢, another table
Tz = (Te[0)[0], Tc[01[2], ..., Tc[Mc)[Mc]};
is created where each term Tc([i][j} in Tc¢ is defined as
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| (Mc+i) ¥ (Mc+T) - 2 (Mc) 2|
(Mo+31) + (Mc+j) =2#%ix]j

Teli) [J] =
where Mc is & predetermined integer. So the values of terms in
Te are all batween 0 and 1. For any group of u;, let

Qiff ¢ = Tc[int(Mc-uy/u+0.5)][int(Mc-u,/u+0.5)] -

[u,+u,) * (u,+t,) -2 *1 *u, |
(2, +11,) * (L, +1],) ~2 %LU %Y,

Then accordiag to the continuity of the function in Equation
(2), the value |diff c| will be Vvery small if Mc is large
enough.  Sc that by the table Te, Equation (2) can be
transformed approximately to:

c(P) = Telint(Mc+u,/u,+0.5)] [int(McHu,/u+0.5) 1.

The integer Mc can be selected large encugh to assure

sufficient a:curacy ¢f the formula. .
The lool-up tables may be provided, e.g. in a non-volatile
addressable memory, where each entry correspgsnds to a

respective value of Td or Tc. - .
If the neighborhood for caleulating the local direction

and curvatur: is a square window with 2-r+l points as both its
length and w.dth, let L and K represent the numbers of rovws and
columns, resjyectively, of an image array, and the algorithm is

as follows:

<1> Calculate 4; .
o, (1] [k.=|£[1]1 [k1-£[1]1[k-1] |, for 1=0,...,0L~1,
k=1,...,K-1;
g,[1] (ki=|£[1] [k]-£[1-1] [k-11 |, for 1=1,...,L-1,
k=l,...,K-1;
g;[1][k|=|£[1) [k]-ftl-l]_[k3 |, for 1=1,.,.,L-1,
¥=0,...,K=1;
o [1)[k|=|£{11[k]-£[1=1] [k+11f, for 1=1,...,L~1,
X=0,..., K22

dos7
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goto <2>;
<2> Accumulating g; of each column k on a Vertical line
v {(0,K), ... (2°T,k)}.
w,[k)=:(g,[11[X]), 2, {(0,1,...,2°T), fOr k=1,...,K-1;
* 5 Wz[k]ﬂ:(gz[l] [k]), l' (1,2---,2':})’ for ]Fl,...,x—l:

wg[k]=3(g5[110k1), 1, {3,2,...,2:¥}), for k=1,-..,K-1;

W, [k)=3(g,[11[k]), 1, {(2,2.,,,-2°¥)), for k=0,...,K-2;
where k is ‘the number of a column, 1 is the number of a row
and varies from 0 to 2:r, each w;[k] is a summation of g; for

10 1=0,,..,2°r and assigned by k.

goto <3>;
<3> Accumulate w; (i=1, 2, 3, 4) in current window in each
g; to obtain vy.

V1=E(W1[j]), 3, (L,...,2°2))¢

15 V=R (0l3)) s 3 (leees,2°2))7
V3=Z(W3[j]), 3, (0,...,2:2}));
VB3N, 3, (0,...,2°7-2))7
goto <i>;

<4> Calculate curvature and direction of every point (k, 1)
20 in current window and shifting the window to right.
if (v vyt <p V), then
c[l][k|=255; d[1][K1=255;
else ¢:1][k]=Tc[int(Mc-u/u+. S)J[int(Mc uﬁ/uz+ 5)):
i:l(vy==vy), then ad[l] [k]-s:.gn(v‘—vz) ‘w43
‘25 else (A[1)[k] = sign(v,=-v,)« ((v;>V;)?
Td[Md- (V,~e)/ (Vz~e)+.5]:
(n/2-Td{Md+)V;—3) - (V,=¢}+.5]))

)
30 “k=k+1;

if (k>R--r) goto «5>;
vy=vtw, [ktr)-w, [k-r);
V=W, [Rtr ] ~wy[K-T] ¢
V=Vt [ Kt ] ~wy [k-x-13;

<1 v=v,+v, [k+r=-1)-w, (k-r=-1];
goto <>
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<5> put the current window at the beginning of the next line

and recalculzting w,:
1=1+1;
if(l2L~1) then return;

5 wylk]=wy| k] +g, [1+r] [k]~g, [1-x-1] [k].,
wz[klwz[k]'l'gz[l"'r] tkl -gz[l—r] [kl,
wy[kI=w; | k]+gs[1+r] (k]-g5[1-r] [k], for k=0,;...,K1;

w, [k]=w; | k] +g, [1+T] [K] - [1-x] [k}, for k=0,...,K-2;
p_v is = threshold which is directly proportional to r,,
10 and the condition v,+v,+vy+v,<p_v at a point means that the
contrast of gray level in its neighborhood iz very low.
Usnally direction at those points are ignored, and the
" curvatures axe assigned a special value of 255.
Here each term w;[k] is associated with a e¢olumn number
15 k. For example, referring again to the values in Tables 1

and 2 above, let r=5, then,
w,[n]=2(gl[1][n], 1, (m=5,m~4,...,m5))=17,
similarly, W, n+l]=26.
Now, an example is provided in Table 6, which is derived
20 from Table &, for r=2., The values of wy[k}l (k=n-5,n—
4,...,n+5) are calculated as in Table &, while Table 7 shows
the valnes of vy at the points from line m~3 to line m+3 in

for k=1,...,K=1; .
fﬂr k=1' ams 'K-lr

Table 4.
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Table 6
W3 k! n-t n~4 n-3 n=-2 n-1 n n+l n+2 n+3 n+d n+S

. 5 m-3 | 10 10 12 15 13 14 12 13 16 16 14
m-2 | 1L 10 13 19 1 15 11 10 12 13 12
m-1 ) 1l 9 12 16 14 214 12 12 11 10 10
n | 1L & 10 14 12 12 12 12 11 1 11
o+l | i 10 11 14 12 11 14 14 ‘11 11 12
10 o2 | 1 11 9 9 9 11 16 16 11 10 .12
w+l |

12 12 9 10 9 10 15 14 10 11 12

For example.
wy[m+2] [n]=w;[m+1] [n]-gy(m~2] [n]+gz[m+2] [n]=14-2+0=12.

15
Table 7
vyki n-3 n-2 n-1 n n+l ni2 03
. N
20 m-3 | 60 64 66 67 68 71 71
mn-2 | 60 73 74 71 64 61 58
o Z 65 68 68 63 59 55
m | 5% 56 60 62 59 58 57
m+l | 5¢ 58 62 65 62 61 62
25 w2 | 50 49 54 61 63 64 65
w3 | 5% S50 53 58 58 60 62

Tor example,
v5[m] [n=1])=v,[Mm] [n-2]-Wy[m] [D-4]+w3[m] [n+1] =73-10+11=74.

3o So thst with the above algorithm, only 4 additions and
subtractions. are needed on average for calculating v; at each

point.

3.3 Removirg Background

35 For most fingerprint images, there always are noisy
textures and. other features in background. Before extracting
the salient features of the fingerprint, it is necessary to
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seguent a reqion of clear ridges, or valleys, from background
and noise, i.e. to decide the position and boundary of the
region of clear ridges. The curvature value of a point in
background is always very high due to the low contrast or
noise, so the¢ clear region can be obtained by cutting off the 2
points with lhigh curvature values.

Referring to FIGS. 6, the method proposed here is for
locating an eguiangular octagonal region of clear ridges of
the fingerprint. The eight edges of the octagon are all
straight lines with predetermined equispaced angular
orientations, e.g. 0°, 45°, 90°, 135*, 180°, 225°, 270° and
315°, respectively. :

Referring to Fig.6a, the edgas of an egquiangular ectagon
are assigned E,, ..., B, respectively, and the cormers are
assigned by the coordinates (X:¥y)s:--- (%5, Yg) respectively.-
So each edge can be represented by an equation of straight
line as follcws,

E;s xHy=x+Y,; Or XHy=x,+Y,}

E;: Y=Y
Byt X-y=¥3~¥3; OT X-Y=X;~YV;?
Bg:  xX=ay7
E;:  wHy=gtYs:  oF  XHY=X Yl
Bgr  YSYgi

By X-Y"X;Yyi O X-Y=¥g~¥a}

E;: x5,
Any equiangular octagon is determined by such eight
eguations, i.e. by eight parameters {X;, Yar X5 Y¥Y4r Xgr Yar
Xz, Yg}. The octagon is obtained by cutting the image with
eight lines gccording to the curvature array sequentially and
described by only 8 bytes of the positions of eight lines.
There are several shapes of octagons shown in FIGS.6. The
algor:.thm to locate eight edges is as follows:
<1> Set the original edges of clear region such that

¥=r; XFLer-l: y=r; Y;=K-Ir-l; :

Calculate the average curvature of every row and column
in the currert clear region, and store them in the two arrays

acl[] and ack[] respectively, i.e.
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aclly]=Z(c[y]lIxX],%,{x;, X111, +0.,%)), '
for Y=Y.r Yetl: <oy ¥a?
s : ) aclIx]=Z(c[yY)[(X],¥: (Vs Ystls««-'¥Y2)):
for x=x,, X+1, ..., Xg.
. 5 let n=0; -
<2> if (n>p_n;) then goto <5>; .
where p_n, :is a predetermined limitation, i.e. the times for
cutting the image is not more than p_xi1.
Let %, being the number or coordinate of the row of the
10 current array with the minimum average curvature value, i.e,,
) aclly, =min(acl[y.], -.., acl(y,l]): N
sinilarly lat y, satisfy,
ack[¥,]=min{ack[x%,], ..., ack[xg]).
if (ack([x))/ (xz=x,+1) 2 aclly,)/(¥,~Ys*1)) then
15 goto <3>;
else goto <4>;
<3> Cut the area by horizontal lines, i.e. determine edges
E, and E,. Let
p.c.y=p_c p'EZ(aclly], ¥, (Ysl'--aYz))/(Yz Yet+l) 7
20 I=max{yr | (acly] > p_c ¥) & (¥<y,) & (y2y,)):
L=nin{y | (aclfyl > p_c¥) & (Y2yy) & (y<v.));
i.e. 1 is the largest row number satisfying 1<y,, 12y, and
acl[ll>p_c_v; and 1, is the smallest row number satisfyirig
12y,, 1%y, énd acl[l]>p_c_y. Then recalculate y,, y, and
25 ack[} in the current clear region as follaws,
Y=l ve=le
ack[x])=E(c[¥][x], ¥, (Y4 y5+1,~-.y31>:
for x=x;, X +1, ...,Xg.

let n=r1+1;
30 goto <:i>;
where p_c p is a predetermined parameter'for calculating the
parameters p_c x and p_c_ Y.
<4> cCut area by vertical lines, i.e. determine edges E, and
| Eg. Let
35 p.cx=g_c_p-E{ack[i), i, {%4,.--,%})/ (Rg—x,+1);
ky=max{« | ack[x]>p_c_Xx & x<x; & X2X;);
ky=min(¢ | ack[x])>p.c x & x>%; & ysS¥g};
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i.e. k, is the largest row number satisfying k,S¥,, K%, and
ack[k()>p.C X7 and k, i= the smallest row number satisfying
k2, k<x; and ack[k,]>p_c _x. Then recalculate X, ¥, and

"’

ack[] in the current clear region as follows,
x7K,r  =Ky? -
acl[yl=si(e[y}[x], X, [&.I7%. A PERR ' X)),
for yY=Ysr YeFlr .-« !
let n=n--1;
goto <2i-7 .
<5> Cut arei by hypotenuse lines, i.e. determine the edges
E,, E;, Eg anc. E, of the octagen enclosing the clear region or
determine the numbers X,, Y;r ¥ and ¥g. Let
p_(: z=(p_C X + P_C Y}/2: -
then the fow: numbers can be calculated as following,
Fmin(z | (ac3[z)>p_c_3) & (25%) & (2> (X, +%3)/2) } i
where for 2=tf, Xg=l, «s+y (x,+%5) /2,
ac:i[z] = E(c[11(k], (k/1), a,(2))q
where A,(2) = {(¥2,2) (Yom1,2+1) ) eeey (Yo %g+Z, %) } -
X, = max{z [ (ac3[z)>p_c 2) & (22x;) & (2S(X+%Xg)/2))¢
where for 2=:f, X F1l, ..., (2,4%3) /2,
aci{z1=E(c[11[k], (1), 2g(2))7
where A,(z) = {(¥sr2), (Yot 2=1), «-+; (V=42 1%;) } -
y, = mir{z | (ac3[z]>p.c 2) & (25Y;) & (22,+¥4)/2) } 7
Where for Z=':_72r 22—1' -'- vy (YZ+Y6)/2’
ac3[z])=5(cll] k1, (k,1), Aﬁ,(z) |
where A (z) = {(¥arZ), (Yz-llz-l)l‘ cesvy (Ys+x4_zrx4.)}-
yymax[z [ (ac3(z]>p_c Z) & (22¥,) & (2S(¥otYe)/2) )5
where f£or z=7g Ygtls e--¢ (Y +¥e) /2,
acifz] = Z(e[l1(k], (k,1), 25(2)):
and A3(2)={ (Y¢r2) s (Ys"'l'z"'l) ¢ e~y (Yg"'xs_zrxg) }- .
<7> After the octagon is obtained, the curvatures of points
in the backg:round are set to 255 for digtinguishing them from

the points in cleaxr area.

3.4 Locating Singularities And Analyzing Trends
Now referring to FIGS.7, there are three types of core
in a fingerprint, according to the structure of the ridges
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around them, named 'o' (FIG. 7a), 'm* (FIG. 7b), and 'u! .-
(FIG. 7c), respectively. An 'o' core may appear in a whorl,
an 'n' may appear in a whorl, a double loop or a laop, while
a 'u' may appear in a whorl, a double locop or a nodding loop.
However, any core or delta is a point such that tha
directions of ridges around it are very inconsistent, so its
curvature is very high and may be higher than the curvatures
of its neighboring points. Visually, there always are many
bright points on the curvature array of a fingerprint:; some
of them indicate the position of a core or delta, while
others of taem indicate a scar, fold or noise.

According to the publicatiens of Shen in 1886, a point
on a digital imege is called a singularity if it has a
maximum curvature value that is greater than a threshold
among its B meighboring points which form the corners and
line midpoiats of a square in which the point is centered.

A poin: P=(k,1) is called a singularity if its curvature
is not less than its 8 neighboring points' and not less than
a predetermined threshold p_c1, i.e. -

1. (2(P) 2 c(P+Q,)) & (e(P) 2 c(P-Q,)), (i=1,2,3,4);

2. ¢(P) 2 p_ei; '

There will be some singularities appearing in the region
near a core or dalta. But usually there will be some
singularitics appearing in the region near a scar, fold or
noise, tos., For the purpose of recognition of a core or a
delta among singularities, analyzing the structure around a
singularity is necessary.

Now rederring to FIGS. 8, the ridge flow is different
around a coi'e, a delta or an ordinary point. The distinction
can be desciibed easily by using the concept of ridge trend.
A ridge trend of a point is defined as the directjon of
ridges that are near the point and run off from the point.
There are three ridge trends for a delta, two trends for an
'a' core or ordinary point, ene trend for a 'mn! or 'u' core,
and no ridge trend for an ‘o' core. The number of ridge
trends of a point is called the forkedness of the point.
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Do find the ridge trends of a point P, a series of
digital circles (0,) with F, as the center and various radii
s are used. I'or every point P, on a circle O,, the difference
between the local direction at P, and the direction of vector
PP, is calculated and stored in an array dd[]. The
difference when PP, extends substantially in the direction
of a ridge trend will be very small, as shown by the curve
minima FPIGS.¢, so the ridge trends will be decided by finding
a1l minimums in dd[]. FIG. 9a shows the pattern of array dd[]
around an 'o! core, FIG, 9b around an 'n'! core, FIG. 5¢

around an 'a' core, FIG. 94 around a delta. Fig. 8e

represents a noise point or a scar. Pig. 9e shows the

pattern of d¢[]J around the point in Fig. 8e.

Fourier transform and reverse transform are used on dd[]
for reducing the effect of noise. The forkedness can be
decided by tle power spectrum, while the trends can be found
on filtered cdf].

" 7The mettod for determining the forkedness of a point
will be described with reference to the power spectrum of a
Fourier transform FT: ©[0], ..., ©0[j]:; where J ic the order
of Fourier tte transform. Firstly, if o[0] is the mazimum of
211 ofj] and ©[0] is not smaller than a predetermined

' threshold p_t,, then it is an 'o' care. secondly, if o[l1l] is

the maximum of all ofj] except ©[0], and o[l]2p_w,;, then it
is a 'n' or 'uf core. Else if @[2] is the maximum of all
©[j] except «[0] and @[2]2p _o,, then it is an 'a' core. Else
if o[3] is tte maximum except ©f{0] and o[3]2p_u;, then it is
a delta point. Here p_0;, P_Wy, P.0, and p_uy are all

predeterminec. parameters.
In tha case of Fig. 8e, ©[2] to be the maximum, but it

4is not an 'a' core. To determine whether it is an 'a' core
is depended c¢n its trends. If the difference of the two
trends is very large, for example, it is great than-27/3,
then it would. not be an ‘'a' core and would be ignored.
However it is notable that both the trend directions and
forkedness at. a point are due to the radius of the analysis

@o4s
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circle. The algorithm for analyzing the trends of a point P
is as follaws:
<1> et s = s,;.
Where sy, is the minimum radius of digital circles for
trend analysis and s, is the maximum.
<2> Calculate adf].
if (s > s_) then reject and return;
else {for every point P,; on digital circle O, do:
' {adari] = [d(p,) - av(P,~P).| & w;
if (adf{i) > 7/2 then dd[:!.j = gw-ddfi]s}
nz = §{X | (X on 0,) & (c(X) > p_c;) }s
i€ (nz > p_n,), then (s = 5+1; goto <2>}
else goto <3>;)

" i.e. if the number of points, P,;, on O, with c(P,)>p_c, is

more than p._n,, then increase the radii s and recalculate
dagj. -
<3> Dperive Fourier transform on array ddf).
afj] = = (dd{i]-cos(2:w-i+j/m), i, (0,...,m-1})/m;
b[j]1 = £ (dd[i])-sin(2-%x-i-j/m), i, {0,...,m=1))/m;
for § =0, ..., n;
vhere m=#0;.
" The power spectrum is ~
s=s,, -1; .31 = (a(3N*(p[iN?% for j=0, ..., n.
where n is izhe order of the Fourier transform.
if (o[N] > p_w,) (P is an ‘o’ core, return;)
else {let k satisfying,
©'k] = max{of1], ©[2], o[3]}}
i (e[k) < p_®,) then goto <2>;
e.gse if k is equal to 1 then
{(calculating the trend direction,
td = arctan(b[1]/all]) (-r <'td < 7);
if (td > 0) then P is an 'n' core;
else P is a 'u' core;
return;
}
el.se make the reverse Fourier transform:
(ad[i] = Z(a[j)-cos(2-7-1*j/m)~

Ro46
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b(jl-=sin(2-7-1i-3/m), jr {(0,1,-..,m}):
}

H
vhere p_o; (=0, - ..,3) are predetermined parameters.

5 <4> Finding each minimm value dd[i;] in 44[1[, i.e. for .
each dd[i;] that satisfies

ad[i;]sdi((i;-1)%m] & gd[i;1sdd[(i/+1)%m & dd[i;]<p dd,
for j=l,...,1.

if (1 i= not equal to k) then goto <2>;

10 alse (tte forkedness at P is k;

the: trends at P are av(P.;,~P), =1, .0, K.
)

return:
where p_dd is a predetermined threshold for finding minimum

15 peints. ad[(i;~1)im] and ad[ (i;+1) ¥m]} are the values of dd(]
at neighborirg points of P on the circle.

In the equations presented above, n is a constant that
is much smaller than m, the parameters s,;, and s, are
predetermined.; p_c, p_h, and &; (j=0, ...3) are thresholds.

20 More specifically, p_n, is selected to eliminate curvature
valnes which are so large in number that the assocliated
direction value is unreliable. The threshold p_c is selected
to obtain points with a suitably high ecurvature valus.

Accordirg to preferred embodiments of the invention, 53,

25 may be equal to 5 and s, may be equal to 20.

The procedure for f£inding all cores and deltas of a
fingerprint except the 'a'! core is as follows:
<1> a1l singularities i.e. maximums of curvature array in
the clear recion, are located;

20 <2> Every singularity is analyzed for finding trends by the
above algorithm.
<3> BSelect cne point in every set composed of the same kind )
of cores or éeltas located together as the representative.
The criterior. for selecting 'o' core is «[0], for 'n' or 'n!

35 ocore is ©[l], for delta is @[3].

In section 3.7, a method will be provided for finding

the ‘a' core.
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3.5 Linea 7racing
A digital curve in a fingerprint is called a contour
r line if it is in keeping with the local ridge direction at
every point on it. Usually, a contour line can be cbtained by
. 5 starting from a point on the fingerprint with a trend of the
point as the initial direction and extending or tracing
progressively according to the direction arréy. Espacially,
if the initial point is a cora or delta of the fingerprint,
then the extended trace is called a shape line of tha
10 fingerprint. ,

In the method provided below for accurately tracing
contour lines, every tracing step moves by just one point:;
neanwhile the sxrrors of each coordinate and direction are all
accumulated for correcting the tracing; furthermore the

15 tracing will stop at the right place. Where k0 and 10 are
the c¢olumn and row with minimum curvature in the clear region
produced as described previously, c¢l, ck and cd are the
current row, column and direction values, the algorithm for
tracing a eontour line starting from point (k0,10) with

20 initjial dir:ction 40 is as follows: .

dl, dk. dd are the accumulating differences of
coordinates and direction in tracing respectively; tll[],
tlk[], tld[| are the arrays of coordinate and direction of
referring points in tracing, di is a parameter, ac ig the

25 average curvatures in the segment of a line.
<I> Initializing the variables, oo

© dl=dk=ctld=k0; ck=kO0:; cd=do0:
=1; ac=0.

t11[0]=:10; tlk[0)}=kO; td[0])=d0;

30 goto<2:-.
<2> Stepping to next point,

while jcd~tld(i-1] £ -7) cd = cd+w;

while (cd-tld[i~1] 2 x) cd = cd-x;

if (|c¢=d0| > p_d; then goto <3>,

35 where p_d; iz the limitation of the difference between
current d@irection cd and initial direction 4Qo.

ac = ac+cfcl)[ck);
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if (i = p_l) then
. fac=ac-c[tll[i-dij[tIk[i-di]]¢
if (ac > p_ac-p_l) then goto <3>;
where p_ac is a threshold.
5 dd = ocd-t1d[i-11;
if (|dd]| > p_d42) then goto <3>:

where p_d2 is the limitation of accunmlative difference of

direction.
if (dd > p_di) then
10 - , (d@d > p_di;
cd = cd-dd
}
else if (dd < -p_dl) then
{48 = dd+p_dl;
i5 cd = cd-dd;
}
else dd = 0;
' d1 means the maximum value for correcting the

where p_¢ ]
direction. The increase of ¢l and ck depend on sin(cd) an

20 cos(cd):
if ([sir(ed)] < jcos(cd)|) then
{cl = cl+sign(cos(cd)),
dk = dkttan(ed);
if (|ax| z 1) then

25 .
(ck = cktzign(dk),
dk = dk-sign(dk),
)

}
30 else then
(c¥: = ck+sign(sin(ed)),
dl = dl+ctan(cd):
if (|41} 2 1) then
{cl = cl+sign(d4l),
a5 dl = dl-sign(dl),

}
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if poirt (ck, cl) is out of the clear region, then goto
<3>; .
- else, taving the current coordinates and direction,
(t11[i)=cl, tlk[i)=ck, tld{i)=cd, i=i+l;
* 5 cé: = d[eli[ek]:
gcto <2>¢
}
<3> Determining the length of the traced line,
_ i = i=],
10 - if (e[tllfili[tlk[i]] < p_ac) then goto <4>,
else (i = i-1:
i1’ (1 > 0) repeat <3>,
else goto <4>;
} .
15 <4> the truced line is (tll{j]. tilk[j], tlda[3), j=0,1,...,i;
return, .
where di, p.ac, p_d,, p_4, and p_d, are all predetermined
parameters. '
A contour tracing will be stopped if one or more of following
20 conditions i.s true: )
(1) current point is out of the clear region.
(2) Average curvature of last several points is too
high. )
(3) Rot:ated angle from initial direction is too large.
25 . A simi.ar algorithm is used to trace any normal line of
'a fingerprint: the normal line is defined as a digital durve
on the image that is perpendicular to the local ridge
direction everywhere. The algorithm can be obkained from the
one above by replacing the assignment cd=d[el][ck] in step
30 <2> with cdrd[cl][ck]+n/2 or cd=d[cl][cK)-F/2. The normal
1ines are used in a novel method described in section 3.6,
" below, for macroscopically locating the center of a

»

. fingerprint.
Line ti-acing is a basic algorithm in this fingerprint
35~ processing system. It is imﬁortant in locating the
coordinate axes, extracting the shape features and detecting
minutiae et:. that will be described in following sactions.
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The line: tracing operation described in this Section is
used to trace shape lines from the center of a delta.

3.6 Macrosccpic Method For Locating Coordinate Axes
5 The type. or shape of a fingerprint, especially if it is
characterized by a small whorl or loop, may be ambiguous due
to distortion and noise produced when the impression is
taken. Some impressions of a small whorl leok like a loop or
tent arch, whkile some impressions of a small loo0p look like a
10 plain arch. Therefore, there must be come consistency in the
rules for deciiding the coordinate axes, i.e. the center and
central oriertation, of various types of fingerprints.
Tn section 3.4, there was described a method for
locating cores and deltas, except the 'a! core, of
15 fingerprints by analyzing all singularities of the
fingerprint. However, to find an 'a' core and to determine
the center and central orientation of a plain arch that are
consistent with other similar fingerprints, a method which
involves analyzing the macroscopic structure of fingerprint
20 ridges is needed.
Referring to FIGS.10 again, many fingerprint types oxr
:sha.pes, far examplé whorls, double loops, loops, plain arch,
tent arch etc., are shown. In fact, the principal
distinctions among them are always at the central parte of
25 the fingerprints, while the peripheries of fingerprints are
all very similar. Genmerally, at the central area of any
fingerprint, the ridges at the upper part will form a vault,
the ridges at left and right sides will run off from the
central part, and the ridges at the lower part will be always
30 plain, as shown in FIG.1l1.
Referring to FIBG.1l2, any core of a fingerprint, except =2
‘' core, is always at the most curved region of the ridges
below the vault formed by upper ridges. Generally for any i
fingerprint except a nodding loop, the normal lines will,
35 starting from the upper part and going down, all concentrate
together at a central region where there are most curved
ridges of the fingerprint, i.e. where there is an ‘o' core or
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an *n' core for a whorl or loop, or an 'a’ core for a plain
arch. Some Of the normal lines may end at the central regilon,

i while others may obviously curve at the central region, so
the core can be located by analyzing the singularities near

' § each end point and the most curved pniné on the normal lines.,
This method is very important for a plain arch, because it is
usually diff’icult to determine, or locate, the center of a
plain arch. The algorithm for locating macroscopically any
core except a 'u' core of a fingerprint is:

10 Let 11 be the upper line border, 12 the lower line
border, ki1 the left column boxrder and k2 the right border.
<1> Initializing, let the initial start point (k0, 10) for
tracing be

= 13.; k0 = (k2-k1)/2;
v 15 <2> Salecting turrent start peoint (k0, 10),
‘ 10 = l(+1;
if (e[l0][k0] > p_c3 then gato <2>3
dk = p k-sin{(d{10][k0]): '
if (|ar| > p_d4) then (kO = k0-dk: goto <2>;}
20 . else, the start point is (k0, 10);?
40 = d|103[k0}:
goto <i>.
where p_¢3 ind p_k are parameters.
<3> Findin¢g a vault line.

25 A vault: line can be considered as a combination of two
contour linas, i.e. a right contour line and a left contour
"line that both start from the middle of the print. So
firstly the two contour lines should be traced. Starting
from (10,k0), two contour lines can be obtained by tracing

30 . with directjons A0 and d0+7 respectively. These two contour
lines are then combined into a vault line.

.. If the vault is not perfect, i.e. if its length is too
short or its chord is too slanting, or the curvature of the
vault is too high, then goto <2>.

35 . . else let (vl[il, vk[3i], vd[3], j~0,...,1V) be the vault
1ine; where v1[j], vk[j], vd{j] are the y coordinate, the ¥
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coordinate and the local direction, fespectively, at the jth
point on the line and 1lv is the length of.the vault line.
let i=0; goto <4>;
<4> Tracing a normal line by the previous algorithm with
starting point (k0,10) and direction A0 that
k0 = vk{il; 10 = vl[i]; do = vd[i]+®/2;
if (i = 1lv) then
(1 = i+p_g:
goto <4>,
)

else goto <5>;
where p d4 is a threshold for limiting the local direction of
starting point, p_g is the gap batween two normal lines at
starting points.
<5> Determine the areas of concentration of the normal lines
(see FIG. 12), then analyze the singularities in the area to
find the 'o', 'n' and 'a' core or others by the forkedness
with the algorithm described in 3.4.

In the above algorithm, p c is a threshold, p k is a
constant. In the trend analyzing of above points, if the
forkedness is 0 or 1, then the point is an 'o' or 'm' core,
while if the pumber is 2, then it is an 1al core.

By singularity analysis, there may be more than one ‘a'
core in the central region of the fingerprint. The criterion
for selecting the most representative one among then is the
angle difference dd between the two trends (41 and dz2) of a
singularity, i.e.
" &d = min(|dz-d1|, 2-7-|&2~d1]}.

For example, if dl=n/4 and d2=37/4, then dd=w/23 if dl=2m
and dz2=3w/4, then dd=37/4.

The 'a' core which has the smallest angle difference
will be selected as the most representative one.

Referring to FIG.13, there are two trends of an 'a!
core, one is towards left while the other is towards the )
The main trend of an 'a' core is defined as the trend

right.
at the core side where the gap between two adjacent contour
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lines ie wider than at the other side. By this mile, the

central) oriantation of a plain arch is consistent with loops.

After he trend analyzing for each singularity and
locating tha 'a' core macroscopically, the center and central
orientation of a fingerprint can be decided as follows
sequentially:
<1y If there is an 'o! core in the central region, then the
pattern mus: be a whorl, the position of the center is the
center of the core, the central orientation is x/2, i.e. down
forward, ani 0° is horizontal to the right.
<2> If, in the central region, there is an 'n' - core and a
'u' core, the pattern is a whorl; if there is an 'n' .core, mno
' core and more than one delta, the pattern is a whofl: and
if there is an 'n' ¢ore, no 'u' core and not more than one
delta, the pattern is a loop- The position of the center is
the same as the center of the core, and the central
orientation is the trend of the core. '
<3> Elge i’ there is a 'u' core, then the pattern is a
nodding loop, the position of the center is the sane as the
canter of the core, and the central orientation is fhe trend
of the core. .
<4> Else i there is an 'a'’ core in the central region, then
the pattern is a plain arch, the position of the center is
the same as the center of the core, and the central
orientation is the main trend of the core.

The center and central orientation of a whorl, a leop
and an arch. decided by the macroscopic method are shown in
FIGS. 19, 20 and 21, respectively. These FIGS. depict tracing
lines which have been generated to be perpendicular to the
local ridge directions in the vicinity of the center of the

- fingerprint pattern.

3. 7 Shape I'eatures And Classification

All of the shape lines of a fingerprint can be abtained
by the above algorithm starting from the center of delta of
the fingefprint with each trend as the initial direction.
Line tracing is performed as described in Section 3.5, above.
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various shape lines of fingerprints, much as shown in
FIGS.10, can sexrve to describe the shapes of fingerprints
accurately. According to the structural relations of the
shape lines, the fingerprints can be classified into 18 types
each with a respective topological structure. A finer
classification may be based on the shape featurss defined

below.
FIG. 14 illustrates a technigue for extracting the shape

faatures of a left loop. Where C is the center, P, is the

delta, sl,, si, and sl; are shape lines starting from P, .
P,...P, are points selected on sl, or sl;. The algorithm for
extracting ths shape features of a loop is as follows:

<1> Determinz center C=(kc,lc) by the algorithm in Section

3.6; _
<2> Determine delta centered at P, =(k,1,) by the algorithm

in Section 3.1;

<3> Trace three shape lines sl,, 51, and sl, starting from Po
with three triends of the delta as initial directions
respectively.

<1> Selectingy seven points Ry=(k;,1;),
8l;, such that.

(i=1,-..,7) on sl, and

where 4 =dv(P, =C). Because P, is always very far from C or
beyond the bo:der of the image, no feature will be defined by

referring to %. .
<5> calculate the distances between C and P, i.e.

<6> Ridge counting between C and P, ,
Tat {(%:Yg)r »oer (% Y,) )} be the straight line from C
to B, , where (xo,yn)=(kc,lc), (X Y = (K, 1) and let
glil = £ly;11%], (i=0,...,n)7
then the ridg: counting is defined as,

doss
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rc(C,P, ) = #(gri) | gri-1)>g[i)<g[i+l1], (i=1,...n-1)).
<7> Total c¢f 18 shape features are defined, they are 7
distances |F,~C}, one ridge count rc(C,F, ), and 10 directien
values referring to d, including the central orientation, 3
trends of P, and 6 local directions 4A(P;), (=1,...5,7)-

' The 18 shape features of a right loop ara extracted in a
manner similar to the left loop. A whorl or double loop can
be considerc¢d as composed of two loops, 1l.e. one left loop
formed by tte left delta and center as well as one right loop
formed by tte right delta and center, so it has both 18 left
loop shape features and 18 right loop shape features, i.e. 36
shape features in all. For a tent arch, the features
referring t¢ point P, are not extracted because it may appear
at either left or right. However, for the purpose of
consistency betwean whorls and other shapes, a total of 36
shape features are supposed for any fingerprint. If some of
the 36 shapea features can not be obtained due to noise,
imperfections in, or the shape of, the fingerprint, these
features are: each assigned a value of -1. There is no
meaningful shape feature for a plain arch, in other words all
shape features of a plain arch are equal to -1.

Accord..ng to the structural relations of position and
surrounding etc. among shape lines, fingerprints are
classified »nto 18 classes with respectively different
topological structure as shown in FIGS.10 which show 11
whorls, 4 luoops, ane accident, one tent arch and one plain

. arch. Every class of whorl, loop and tent arch can be furxther

classified :tccording to the shape features.

3.8 Global features and Global difference '

The shipe features for describing the pattern of a
fingerprint are all based on both the center and delta. So
they may be affected by the imperfections of fingerprint or
by the nois: which distorts the center,~ae1ta or shape lines.
In particuliar, there is no shape feature defined for plain
arch, so that for the purpose of practicality and consistency -
of fingerprint system, the features for describing the
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pattern of a partial, noisy or plain arch fingerprint should
be consideretl. . .

one of {:he most important parts in this invention is a
method for defining and extracting the global features of ,

5 various fingerprints to represent their pattern npaturally and

consistently by referring to the local ridge directions.

General.y, the global features of a fingerprint provide
a basis method for representing the ridge direction array of
the fingerpr:.nt. These features must be cbtainable for any

10 kind of fingerprint, and be effective in pattern matching of
fingerprints. '

The simplest method for defining global features is to
select some points on the direction array and take the local
: ridge direct:ons at each point as features. S0 if the amount

15 of points is larye enough, then the accuracy of repression
will be fine enough. Especially, as shown in FIGS5. 15, the
points can ba selected to form a circular, or polar, array Or
a rectangulay array. :

First method, the points can be selected on several -

20 circles with a common center- Referring to Fig. 153,
c=(Kk,,1,) i= *he center of a fingerprint, d, is the central
orientation, or directien. There are n circles O;
(i=0,...,n-1}, with a common center € and different radii r;
(i=0,...,n-1}. There are m; selected points P;=(ky),1;;)

1 (3=0,... m=1) an O; segmenting the circle equally
(i=0,...,n-1). The global features gf of a fingerprint are
defined as a set:

==[g£E ( (ky;,155)) | 3=0,.0.,m-1; i=1,...,m-1]¢
where .
30 k"==int(ko+r,-cos(d°+j-2-1r/m,)+o.5): :
1”wint(1o+rfsin(q;j-2-r/m9+0.5):
255, if c(P) > p_c4di?

gff(P] = ( v
int(a(p) -p_;r/rr+p.5)%p_1r, elsevhere. .

35 i.e., gf£(P) .8 equal to 255 when the ridge directions around
P are not clear or the curvature c(P) is greater than a
predetermined threshold p_cC4; else where ¢gff(P) represents
the direction d(P) in one byte with a value between 0 and
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251; parametier p_x.is selected to transform the. range of
angular value from [0,7) to [0,p_%] for storing it in one
' byte and resierving enough accuracy.
In an embodiment, the values of parameters are n=2 and
! 5 m=64 (i=1,...,n), so there are total 9-64=576 points
selected, and the global features of a fingerprint are
composed by 576 bytes. If the number of points selected on
each circle O, is equal to others, then gf can be sinply
stored in an array of bytes: '

gf=lgf[i] [j:l (=gff(Pij) ) lj=°o e .,.m-l,'i=0. ven ,D-l,‘}

10
. Por exsmple, the global features of an arch, loop and

whorl are shown in FIGS. 22, 23 and 24, respectively, where
the center ¢f each pattern is at the common center of the
concentric circles and the central orientation of each
15 pattern is represented by a short line extending fraom the
‘center. There are 9 circles in each image, and each circle
is composed of 32 points (for showing more clear than 64
‘points). For each point selected, if it is not in background
and its curvature is not high, then the local direction is
20 represented by a line centered on the selected point: the
remaining se¢lected points are each represented by a dot, as
is particulesrly apparent at the bottom and lower portions of
the left-<hard and right-hand edges of FIG. 22.
- The dii'ference between two shapes of fingerprints always
25 wiil reflect on their direction arrays. So that it also
would reflect on the global features which.represent the
direction arrays. For this purpose, an important .
measurement, called global difference between two sets of
a global features, is necessary. _
30 In the ecase of Equation (9), the global differqnce gdl
between two fingerprints by their global features gfl and gf2
is defined zs: R
gdl(gfl, g£2) = min{T(f_dg(al-gf1i(il[]],
. d2-~gf2{i]1[ (j+r)Em))/8ML(r), (i,3), ML(T)),
35 . I=0,.s=,m=1, #ML(2)>0}.
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where 4l and d2 are central orientations of two fingerprints
respectively, set M1(r) means

Mi(r)={(i,3) | gfi[i)[j)<p¥ & gf2[1]1[(j+r)Sm]<p_w):
function £ _dg() means

£ dg(x,y) = £.i(min(]x-y[%p_r, p_r=(|x-y|¥p_#)));
where f£_i(z) is an increase function of 2z, In the
embodiment, £ i(z) = z?. So the global difference between
two fingerpriats is calculated by matching their global
features with various radii r to f£ind the minimum difference.

Second mathod, the points can be selected on a grid with
n rows and n columns, as in PIG. 15b, so the global features
can be stored in an array gf[][] such that:

GEL LI [J]=AlY,oti QY] [X,+) rax]s
i=0,...,n-1; 920, v . -1,
where x, and y,, are the coordinates of the left upper corner
point an the array, dy and dx are increases of row and column
respectively.

The global difference gd2 between two fingerprints by
their glocbal :eatures gfl and gf2 is defined as:

gdz2 (gfl,yt2)=min(Z (£ dg(dl-gf1[ilp(]].

d2-£2[1] (k1/#M2(1, k), (1,3), M2(1,k)),

complete 1=0,... ,n—i, k=0,...,0-1.

The glob:ill difference can be used for finely classifying
fingerprints :n a database, or selecting similar fingerprints
in a database to reduce the difficulty of minutia matching
during a2 searching procedure.

3.9 Detectin¢g Minutia From Gray level Image

Minutiae are very important traditional features of a
fingerprint, :nd are used in final verification of identity
of two fingerprints. Usually minutiae are described with
respect to the: pattern of fingerprint ridges. There are many
types of minut:iaa on a fingerprint, for example as shown in
FIGS. 16, endings (a), bifurcations (b), islands (c), eyes
(4), bridges (e), etc. In brief, minutiae are singularities
of ridges. :

Howaver r-idges always coexist with valleys on a
fingerprint, znd each feature or minutia of ridges always

o059
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corresponds to a change in valleys, so that minutiae can be
described irn terms of valleys, too. In general, an ending of

* a ridge .is & bifurcation of valleys while a bifurcation of

ridges is ar. ending of a valley, an island of a ridge is an

’ 5 eye of a valley and an eye of a ridge is an island of a
valley. Referring to FIGS. 17, the exceptions may appear at
cores and deltas. The description of minutiae that are just
at a core or delta in terms of ridges is different from the
description in terms of valleys. However, the descriptiens of

10 minutiae shculd be consistent by being all in terms of
valleys or all in terms of ridges.

For automatic detection of minutiae, the novel method
provided here is based upon tracing the valleys rather than
the ordinary method which is based upen binarizing, thinning

15 and smoothing the ridges. Generally in a fingerprint image,
the quality of valleys is much better than that of ridges,
priﬁarily because of the following reasons: f£irstly, there
are no sweat glands in valleys:; secondly, the widths of
valleys are more even than those of ridges: and thirdly, the

20 gréy levels in valleys are more even than in ridges. Although
there will ke incipient ridges in the valleys of some
fingerprints that may affect valley tracing, all ridges of
every fingerprint have sweat glands that may affect ridge

. tracing. So in general, the result of valley tracing should

25 be much better than ridge tracing.

The algorithm for Fracing a valley with an initial point
(k0,10) and direction d0 is similar to tracing a line, except
that it uses a key technique that keeps the step points in
the valley. -

30 . Let £[1][k] be an image array. Its element £{1]([K]
equals the gray scale value of a point (k,1), it will be set
to =1 after it has been traced. ag is the summation of gray
scale values of the last p_l points in a tracing line. Array
tlg[] is usel to store gray scale values of traced points.

35 The definitions of other variables are the same as for the
algorithm of line tracing in Sectien 3.5.
<1> Initializing the variables.
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dl=dk=drcl=02?
cl=10; ck=k0; cd=d0;
i=1: ac0.
+11[0]=10; £1k[0]}=kO0; t1ld[o0]=do:
5 tlg[0]=£[10}(k0];
goto <2>.
<2> Btep to the next point,
Accumulz te curvatures of every point in the valley,
ac=ac+c[cl])(ck]?
10 if (i=p_ 1) then
(ac=ac~c(tll[i-p_1]][tlkk[i-p_1]1];
if (ac > p_ac:p_1l) then goto <3>;
} .
Accumulate gray scale values of every point in the
15 wvalley.
ag=ag+f£fcl] (ck];
if (i > p_1) then
{ag=ag-tlg[i-p_1]+
if (ag < p_Aag-'p_1l) then goto <3>;
20 }
if (cd~tld[i~1l) £ ~r) then cd = cd+w}
if (cd-tld(i-1) 2 w) then cd = cd-7;
if (|cd-do] > p_43) then goto <3>,
where p_d3 is the limitation for changing current direction
25 cd per step in tracing.
ac=act+e[cl] [ck]?
if (i 2 p_l) then
{ac=ac-c[tll[i~p_1]][tlk({i-p _1]1;
if (ac > p_ac'p_1l) then goto <3>;
30 where p_ac 1is a threshold.

}
dd=cd-t1i[i-1]:
if (|da| > p_42) then goto <3>;
where p_d2 is the limitation of accumulative difference of
35 direction. A
if (dd > p_4l) then
{dd = da-p_di;
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ci=cd-dd
)
. " else if (dd < -p_dl) then
{1id=dd+p_d1;
N [ oci=cd-dad;
}

else Aii=0;
where p_dl neans the maxinum value for correcting the
direction. The increass of ¢l and ck depend on sin(cd) and
10 cos(cd):
if (|sin(cd)| < |cos(cd)[) then
{cl=cl+sign(cos(cd)),
di=dk+tan)cd) ;
iff (|dk| = 1) then
15 . {ck=ck+sign (dk) .
dk=dk-sign)dk),
}

) \
if any point (x,y)} of ((ck,cl), (k1,1L), (kr,lr)} is out

20 of the clear region or f[y)l[x]1<0, then goto <i>;
else save current coordinate, direction and gray level
values; R
{t1ll[il=cl; tlk[i]:ck:_tld[i]=cd; i=i+1;
ficl)[ekj=-1; :
25 cd=d[ecl])[CcX]?
‘ dd=dd+(£[11]){k1])=-£{1r][kr}) -p_ga;
goto <2>; ‘
]} .
where (kl,11) and (kr,lr) shown in FIGS. 18 are called the
30 left point and right point of current point (ck,cl)
fespeqtively. Both of them are the 4-neighb9ring peointe of
current point and 8-meighboring points of the pravious point
(tlk(i],t1l1[i]). p_ga is a predetermined paramster of
modifying direction by difference of gray scale values.
35 <3> "Determine the length of traced valley,
1=3i-1; ‘
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if ((e[tllfij)irtik{ijl<p-.ac) & tlg[i]>p_ag)) thken goto

<4>,
else (£[tll[i]][tlk[i]]=tlg[i);
' i=i-1p
5 if (i>0) then repeat <3>, .
else goto <4>.
)
<4> The traced valley is (t11r31, €1k(jy, tlagidl,
(3=0,1;+4..111,
10 return;
Where p 1 is a constant, p_ac, p _dl and p_d2 are all
thresholds.

Referring to FIGS-18, both the left point (k1,11) anad
the right po:int (kr,1r) are 4-neighboring for current point
is (ck,cl) ans l-neighboring for previous point
(£1k[i-1],t1..[i-1]). (ck,cl) may be replaced by its
4-neighboring point (k1,11) or (k1,1l) according to their
gray level. This algorithm is similar to that for line
tracing with gray level as an additional factor.

20 In detail, the tracing line will firstly step from the
prior point to the ourrent point temporally, then the gray
scale of two 4_neighboring points, i.e. (k1,11) and (kx,1r),
of the current point are considered. A peint is selected to
be a valley point if its gray scale value is higher than or

25 egual to the other points in the neighborhood.

A valley tracing will be stopped if one or more of
following corditions is true:

(1) The current point is out of the clear region.

(2) The average curvature ac of the last p_l points ‘in

30 +the tracing is very high, i.e.greater than p_ac. ’

(3) any previous valley trace is touched.

(4) The average gray level ag of the last p_1 _poipts in
the tracing is very low, i.e. less than p_ag.

The algcrithm for detecting minutiae from a gray level

35 image by valley tracing is as follows:
<l> Let gp=cap2:
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<2> The start point P for valley tracing should satisfy each
of followinc conditions:

t (1) P is a maximum point in a 3x3 neighborhood on gray
scale image F and £(P)>p_£.
’ 5 A maxirum peint in a gray scale image meane it is one

whose gray ecale value is not less than that of each of its 8
neighboring points, ) ..

(2) P is in the clear region of ridges and c(P)<p_c.
This means the curvature at P is smaller than p_c.

10 (3) There is no traced line at directions c(P)+r/2 and
¢(P)-7/2 within distance gp.

For every such point P, the valley is traced in two
initial directions c(P) and c(P)+r, respectively. The
minutiae are detected as a result of the conditions for

15 stopping a trace: If the trace is stopped due to condition
(3), then a valley bifurcation is found; While if the trace
is stopped due to condition (4), then a valley ending has
been found. ) )
<3> Connect any two terminals of traces (a terminal being

20 the start or end of a trace) 1f: :

(1) The two last directions of the traces are opposite

to one anothar;
(2) The positions of two terminals of tracas are very

closa;
25 (3) The average gray level between them is higher than
P_ag.
<4> gp=gp-1l: if gp>gapl, then goto <2>;
Where pilrameters p_f, t, gapl and gap2 are all
experimental.ly determined constants. Each minutia found is
30 described by three attributes, i.e. %, y and 6. The
. coordinates i: and y are same as the position of a trace.
'términal, the direcfion ® is equal to the one of d[y][x] and
A[y]l[xY+7 which is closer to the last direction in the trace.
An example of extracting minutiae by tracing valleys on
35 a gray level of a fingerprint is shown in FIG. 25, where the
" fingerprint is the the same as in FIGS. 21 and 22 and the

gray level is reversed.
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32.10 Quality ILevel And Vector
The features of a fingerprint may be effected by many

factors, for example hnoise level, the effective area of the
clear region, the position of the center, the number of
minutiae, and so on. Sometimes the factors are due to the
quality of the finger itself, while at other times they are
due to the iumpression or input device. A quality level ¢ 1
should be provided after image processing in order to make
possible an automated or operator contrelled decision as to
whether to accept, reject, or reinput the f:.nqerprmt image,
or if possible to take a new fingerprint impression. The
quality level can be described in detail by a quality vector:
gv=(gn, 92, LPr 40 qh);
wvhere each factor is calculated as follows:
<1> The noise level g_n refers to the average curvature in
the whole clear ragiom, i.e.
gn=£_q n(a_e)7
where
a_c=2(c(X), X, {¥|e(X)<1))/#{X[e(X)<1};
£ g n(z) is an increase function for z in the range 0 to 1.
In the enbodiment g n is defined as,
0, when a_csecl;
1, when a_c>»cl & a_c=£c2;
a-n 2, when a_c>c2 & a_c=c3;
3, when a_c>c3.
Where c1, c2, and c3 are all predetermined experimental
values. If tie average curvature of an image ie very mmall,
then g_n=0, i.e. the image's quality is good; while if the
average curva‘ure is large, then the noise in the mage would
affect the processing, g n will equal to 1, 2 or 3 depending
on the noise. '
<2> The effestive area g a represents the number of global
features whicly define a direction, in the case of Equation
(%), )
g a=f g até{x | (x in gf) & (x<p._m) )):
where fonction £_g_a(2) is increasing for z between 0 and
255, to ensurs that g-=a is 1, 2 or 3. when g_a eguals 0, the

@ose5
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guality of {the image is good, otherwise the larger the value,
the worse the quality.

* <3> q_p depends on whether the position of the center
(k0,10) is in the central region CR of the image, i.e.
N 5 g p=(is (X0,10) in CR)? 0 ; 1; :

In the embocliment,
CE=((k,1) | (L/4 < 1 < L-2/3) & (K/3 < k < K:2/3)),
<4> g _m depends on the number and average quality of
. minutiae a_mqg, i.e.
10 . 0, ifnm < p;nms

am =
f g m(a_mq), otherwise,

where p_mm is a pradatermined threshold, ﬁ;mq(z) is an
increase furction for z. In the embodiment, p_nm=18,
15 £ mg(z)=z/4.
- <5> g h means help levei that presents the reliability of
the center C by the average curvature around C,
g _b=f g h(Z(c(X), X, NC)/#NC);

where
20 NC=(X | |xX-c]2p_r1 & |X-C|[sSp_r2.
f_ g h(z) is an increase function for z. '
‘Pinally,

gl=gn+ga+qgp+qgm<+gh;
It is anticipatéd that the invention will be implemented
25 by means of a general purpose digital computer system which
i=s programmel in accordance with the algorithm= described
above and is provided with an appropriate graphics input
devica capable of scanning a fingerprint image and inputting
gray level inage point brightness values and displaying and
30 printing and writing the results of the image processing
procedures i1 an output device. Co
- In an egbodiment of the above method, the following

parameters miy have values in the ranges specified'heluw.

. section - Parameterx Range
35 _ 3.2 r [5, 30)
p v [4'x° T, 60'r-T]
3.3 - p_nl [, 51
p_Cc P [0.5, 1)
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3.4 p_cl [0.6, 1]
B_t, (1.5, 2.5)
p_o, [0.5, 1.5] "
P, (0.5, 2.5]
5 p_u, [0.5, 1.5] )
p_c2 [0-6, 1]
p_n2 (1, 10]
p_dd [0.1, 0.6]
3.5 p_dl [0.2, 0.8]
10 p_dz2 [0-5, 1.5]
p_d3 great than 0
p_l [5, 15]
p_ac [0.6, 1]
3.6 p_c3 [0.6, 1]
15 p.k (1, 101
p_da [10, 100]
. p_c4 [0.6, 1]
3.9 p_ag o, 71
p ga [0.01, 0.1]
20 3.10 p_ym (e, 20]
p_lz (s, 20]
p_rl (1, 10]
p_r2 [r0, 20]

The invention thus provides a method for calculating the
25 global difference between two stripe patterns by means of
their global features used in finer classification and
search.
While the description above refers to particular
embodiments of the present invention, it will be understood
30 that many modifications may be made without departing from
the spirit thereof. The accompanying claims are intended to
cover such medifications as would fall within the true scope
and spirit of the present invention. .
The presently disclosed embodiments are therefore to be )
35 considered in all respects as illustrative and not
restrictive, the scope of the invention being indicated by
the appended claims, rather than the foregoing description,
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and all changes which come within the mean:.ng and range of
equivalency of the claims are therefore intended to he
embraced therein.
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WHAT IS CLAIMED:

1. An automatic method for identifying an image having
varying brightness values constituting a pattern of stripes
containing m:nutiae, comprising:

dividineg the image into a rectangular nmatrix of
image points and providing a representation of the gray level
value of the brightness at each image point;

trunsforning the representations into a selected
brightness runge;

cal.oulating the average direction of local texture
at each point: on the image with a function of gradient models

in a neighborhood of the point;
cal.culating the curvature or the inconsistency of

directions of local texture at each point on the image with a
function of cradient models in a neighborhood of the point;
separating a useful portion of the image, which
contains an sicourate representation of the pattern of
stripes, from nelsy background; .
extracting the global features of the image to represent
the direction array by selecting some points on the image and

storing the clirections at these points;
finding singularities in the useful portion by

comparing curvature values of selected matrix points in the
useful portion;

producing reprasentatlons of the shapes of selected
stripes of the image based on the curvatura and direction

values;
locating a standardized coordinate axis system

having an erigin on the image by locating an intersection of
lines normal to selected stripes in a selected region of the .
image:

producing representations of gelected .
characterist:.cs of the shape of one of the selected stripes
on the basis of the distance between the origin of the
coordinate ayis system and points on the selected stripe in
selected directions from the origin and producing a
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representatijon of a global feature function of the
fingerprint based on a set of values each representing a
T difference tetween the direction between the origin of the
coordinate &xis and a point on a stripe and the direction of
5 .the stripe pattern at that point,
determining the locations of minutiae in the image
‘on the coorc.inate axis system from the transformed
representations of the gray level values of the brightness at
each image roint: and
10 producing a representatioen of the cuality level of
the image. s

2. The method defined in claim 1 wherein the image
represents a fingerprint.

15 _
3. The method defined in claim 2 comprising employing

a quick recurrent algorithm for calculating the direction and
curvature with same size as the image, by the steps of:

(1) Calmulating four gradient model arrays about 0, 45,

20 90 and 135 da2grees respectively:

(2) calculating the average gradient models in each
‘ neighborhood recurrently:

(3) Using tables instead of operations of arc-tangent, -
wherein the -survature is a measurement of accuracy about the

25 direction at the same point.

4. ‘Th2 method defined in claim 2 comprising segmenting
an octagonal clear region of fingerprint ridges from
background aid noise by means of eight straight lines

30 according to the curvature array.
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5. The method defined in claim 2 comprising analyzing
the ridge ti'epds around a point in image by means of the
difference of local direction and vector direction at each
point on the digital circles with various radius and deriving

5 a Pourier transform and reverse transform for deciding the
forkedness ly power spectrum and finding the trends by

filtered differences.

6. Tte method defined in claim 2 comprising performing

10 1line tracinc based on direction and curvature values by
accumulating errors of coordinates and directions to correct
the trace fcr extracting contour lines, shape lines and

normal lines.

15 7. The method defined in claim 2 wherein the
coordinate axis is located by locating the caenter and central
orientation of the fingerprint macroscopically by means of a
vault line and normal lines.

20 8. Tha method defined in claim 2 comprising locating
the 'a' core of a plain arch and its main trend
" macroscopically that are consistent with other types of

fingerprints.

25 9. Thz method defined in claim 2 wherein the shape
features for both loops and whorls are extracted from shape
lines, the siape features of a whorl being composed by two
parts of two loops referring to two deltas respectively.

a0 10. Th: method defined in claim 2 comprising producing

a general classification by means of relations among shape
lines and f£ine classification by means of shape features.
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11i. Thea method defined in claim 2 comprising
ldentifying glabal features by angle values on some paints
i selecting from the direction array, the points are located
spatially oa a lattice or on several circles with a commen

5 center.

12. The method defined in claim 2 wherein the minutiae
are located in terms of endings or bifurcations of valleys.

10 13. The method defined in claim 12 wherein valleys are
traced and ninmitiae located on the gray level image by means
of contour i:racing referring to gray levels, comprising the

steps of:
(1) selecting starting point for valley tracing,
i5 . (2) conmnecting two terminals of traces which satisfy

certain conélitions,
(3) changing the gap of valleys.

14. Tre method defined in claim 2 wherein the quality
20- level of the fingerprint is determined on the basis of
guality vectors referring to the position of center, number
of minutiae, noise level, and area of clear region in order
to decide avtomatically or suggest the operator for
acceptation, rejection or reinput of the.fingerprint image.

25
15. The method defined in elaiwm 2 further comprising
calculating global difference betwsen two fingerprints by
means of their global features used in finer classification
and seafch. :
30
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